The microwave spectrum for CFaN02 has been observed for the J=1-+J=2 through the J=4--+J=5 transitions. Some 35 lines in these transitions are assigned, and the Stark effects for three of these were studied quantitatively and interpreted. A discrepancy in the Stark effect of a 4-+5 transition can be accounted for by properly adjusting the sixfold barrier to internal rotation. The parameters used to obtain the best fit for the spectrum are the following: B+C=4917. 
INTRODUCTION

I
T is reasonable to expect the structure of trifluoronitromethane to be similar to nitromethane and methyl boron difluoride. That is, all would have a symmetrical threefold rotor (CRa or CFa) attached to a twofold symmetrical frame (N0 2 or BF 2 ) , thus giving a sixfold barrier to internal rotation. Because of the high multiplicity it is customary to expect a low barrier. Nitromethane has a barrier of 6.03 cal/mole 1 and methyl boron difluoride has a barrier of 13.77 cal/mole. 2 On this basis it might be expected that the barrier to internal rotation in trifluoronitromethane will be low also.
Recently, Karle and Karle a have reported the results of an electron-diffraction study of CF a N0 2 and similar molecules. They report their data as indicating that the N0 2 group is bent so as to give a staggered ethanetype configuration with one position missing. Their interpretation gives an angle of noncopIanarity of 9°3S'±1°, and they report two thirds of the molecules to be in a staggered configuration and one third in an eclipsed configuration. From the root-mean-square amplitude of vibration of the O-F distance they determine a potential barrier to internal rotation of 3 kcal/ mole. The potential barrier used was sixfold with the three minima of the staggered configuration being lower than the three minima of the eclipsed.
These conclusions are in conflict with the idea (see Ref. 1 ) that barriers to internal rotation may be expressed as a rapidly convergent Fourier series with all terms but the threefold being very small.
* From the Ph.D. theses of E. Tannenbaum, University of California, 1955, and W. M. Tolles, University of California, 1962 . An earlier version of this work has been presented at a meeting of the American Physical Society in 1963 in St. Louis; see Bull. Am. Phys. Soc. Series II 8, 239 (1963) . It should also be noted that CF a N0 2 4 may convert from an existing staggered to an eclipsed configuration by either a rotation of the CFa group or an inversion of the N0 2 group through a plane containing the C-N bond. This inversion motion would be a vibration with a double minimum.
Both the motion of inversion and internal rotation would take place with the movement of the two oxygens alone (relative to the CFaN frame). For an angle of noncoplanarity of 9°3S'±1°, as given by electron diffraction, the oxygen would have to move less than 0.2 A to pass from one minimum to the other if the motion were inversion; whereas, if the motion were internal rotation, the oxygens would have to move more than 1 A to go from one minimum to the next nearest minimum. If the observed motion is internal rotation the effective barrier to inversion must be high. Since the barrier to inversion is much thinner (less than 0.2 A) than the barrier to internal rotation (more than 1 A) then it must be considerably higher. In the WKB approximation it would have to be 1.0/0.2 or five times as high to be equivalent. Since even a 3-kcal 5 barrier separating minima 0.2 A apart would require slopes of the potential function which are much higher than the forces usually reported for similar motions, we believe there must be an alternate explanation for the electron-diffraction data.
The results of our observations on the microwave spectrum are in conflict with any model with a high barrier for internal rotation or for inversion of the N0 2 group.
The initial observations 6 on the microwave spectrum shows that the pattern of observed lines is very complex 4 It should be made clear that all discussion of inversion of the N0 2 group is our interpretation of the consequence of the Karle and Karle model. They did not discuss this facet of the problem. 6 See, for example, L. I. Shiff, Quantum Mechanics (McGrawHill Book Company, Inc., New York, 1955 ), pp. 184-195. Phys. 25, 42 (1956 Phys. 36, 1969 3019 and similar in many respects to that of nitromethane. This is in conflict with the proposal of a high barrier for this molecule. In comparison with nitromethane, the CFa group has a much higher moment of inertia than a CRa group. If the barrier were as high as 3000 cal (or even 1000 cal), the low-lying internal-rotation levels would appear in a rigid-rotor pattern without even the A-E splittings characteristic of an intermediate barrier. There would be weaker transitions arising from higher internal rotation levels which would show A-E splittings, and still higher levels would have the pattern of a nearly free rotor. The intensities of these lines in the microwave spectrum would be so low because of the low thermal populations of these excited levels that they could only be noticed by a careful search. The general appearance of the strong lines of the spectrum would be that of a rigid rotor.
Such is not the case with trifluoronitromethane. The pattern of each J~J + 1 transition is that of a strong central complex of many lines with many satellites on either side of this central pattern. The greatest intensity of lines is in the central portion of each complex, those representing the nearly free rotor spectrum of the higher excited states.
The spectrum of CF a N02 was first investigated in 1955. 5 At this time calculations were quite difficult and the assignment questionable. An upper limit of 40 cal/mole was assigned to the barrier. Because of the larger moment of inertia of the CFa group and a barrier higher than nitromethane, computations using a desk calculator were not adequate, as they had been for the spectrum of nitromethane. The present availability of large computers along with improved spectrometer equipment 7 made a reinvestigation of the problem possible.
CALCULATION OF SPECTRA
The matrix elements used for this calculation have been previously reported.1. 8 Using the notation of Ref. 1, the variables involved are the following: B+C, B-C, A (N02) , A(CFa), and Va, where Band C are the rotational constants of the molecule along the appropriate axes, A (N0 2 ) and A (CFa) are the rotational constants of the N0 2 group and the CFa group respectively along the molecular axis of symmetry, and Va is the sixfold barrier to internal rotation.
A computer routine was written to construct a matrix with the proper elements; diagonalization was accomplished by the Jacobi method. Transformation of the direction-cosine matrix then allowed a calculation of the selection rules, line intensities, and Stark effect. This was all accomplished in the computer, the output giving the spectrum to be expected. The energy matrix may be factored into six submatrices due to the fact that matrix elements connect only kl to k 1 ±6Ievels, where kl is the quantum number for the rotation of the CFa top along the molecular axis. Two of these submatrices are nondegenerate, and there are two doubly degenerate submatrices. If we designate each sub matrix by the symbol {3, equal to the lowest positive value of kl in the respective submatrix, the six submatrices are {3= 0, 1, 2, 3, 4, and 5. The singly degenerate submatrices are {3=0 and {3=3; the doubly degenerate sets are {3= 2, 4 and {3= 1, 5. The energy matrix must be calculated for each of these four submatrices for each spectrum desired. Further factorization into K even and K odd matrices is possible because of matrix elements of the type
As a result of the zero nuclear spin of the two equivalent oxygens, {3 must be even for K even, and odd for K odd.
The values of kl are not bounded, and it was necessary to truncate the infinite matrices in order to diagonalize them. It was found that by using values of kl from -27 to +27 the microwave lines of interest could be predicted to reasonable accuracy-better than 1 part in lOa. Calculation of the Stark effect of the spectrum up to J = 5 required a diagonalization of the matrix for J = 6 levels. Even with the factorization and truncation mentioned above, one must diagonalize two 63X63 and two 54X54 matrices for the J=6 level alone. Calculation of the full spectrum up to J = 6 required 30 min to 1 h of computer time on the IBM 7090 or the CDC 1604.
Diagonalization of the matrices was carried out in double precision on the IBM 7090 (36-bit work length). Computations using the CDC 1604 were made in single precision, since the longer word length (48 bit) was adequate to make the floating-point round-off error less than 1 part in 10 7 • The resulting eigenvectors indicated that in most cases the initial basis functions are extensively mixed for the final energy levels and that the original quantum numbers K and kl are no longer good quantum numbers. We have, therefore, used the pseudoquantum number I, to represent the ordering of the energy levels of each submatrix in question. The submatrices are labeled as {3= 0, 1, 2 or 3, where {3= 1 also implies the {3= 5 matrix, the other member of the degenerate pair. Likewise, {3= 2 also implies the {3= 4 matrix.
ASSIGNMENT
The spectrum of a sixfold rotor with a low barrier to internal rotation, such as CR a N0 2 , consists of groups of transitions falling at regular intervals of approximately (B+C) (J+l) . Many lines in each group are split from the center of each of these transitions; the amount of splitting depends upon the other parameters. In general, the lower kl lines are split the furthest, and lines having higher kl pile up at a multiple of B+C.
In nitromethane this pile-up was not very marked because the energy levels belonging to higher kl values were so high in energy that they were sparsely populated and the corresponding lines were too weak to be observed. In nitromethane, lines with kl greater than 7 were too weak to be observed, but in trifluoronitromethane this limit was between kl = 20 to 30. This means that for trifluoronitromethane the intensities are distributed among many more transitions.
The general shape of each transition can be compared with calculations and it was observed that the molecule definitely exhibited a low-barrier spectrum. A barrier of 500 caljmole or more would have resulted in lines split from the center further than we observed, and the The problem thus reduces to a determination of two parameters. It was convenient to choose the two parameters to be A (N0 2 ) and V 6 • Summarizing, B+C was determined from the center of the grouping of lines initially, A (CF a ) was assumed, and B-C is determined as a function of B+C and A (N0 2 ) assuming no inertial defect for the N0 2 group.
Near the pile-up at the center of each transition there was one line for each group of J----7 J + 1 transitions which was well separated from the rest and was easy to identify as the J,
It was found that when a particular value of A (N02) was selected, a V6 could be found such that all of these (0, 0) lines were in agreement with calculations. Thus V6 was found as a function of A (N0 2 ) • The parameter A (N0 2 ) , neglecting vibration-rotation interaction, is just a function of the 0-0 distance,
The relationship between V6 and do-o or A (N02), is shown in Fig. 1 . All subsequent calculations were made consistent with this relationship. In the previous work on the spectrum of CH a N0 2 1 it had been found that most lines were insensitive to the value of the barrier. The four kl = ±3, K = ±3 lines involved pairs of nearly degenerate levels which are connected by large matrix elements proportional to the barrier height. The frequencies of these lines were very sensitive to the value of the barrier and permitted a precise determination of the barrier. Since these lines were so important in CH a N0 2 , a search was made for them. Initially, it was not possible to identify them. The method of determining the remaining variable was thus dependent upon the lines near the center of each J----7J + 1 transition, those rather insensitive to the barrier. Calculations were made assuming a barrier height ranging from zero to 100 caljmole. These indicated that there was no unique value of the barrier which gave an assignment with the agreement which is customary in microwave spectroscopy. After the barrier was determined by the method described in the next section, the K = ±3, kl = ±3 lines were observed. It was found for barriers as high as 70 cm-1 that these lines were no longer sensitive to the value of the barrier, but instead, they appeared as partially resolved pairs separated by a distance approximately B-C from the central pile-up. With this knowledge it was then possible to find and identify these lines, but their measurement did not permit a determination of the barrier. 
STARK EFFECT AND BARRIER
The assignment of the K=O, k1=0 (0,0) lines was certain, and the Stark coefficients for nine components from three of these lines were measured. Stark coefficients were calculated in the usual manner with the computer. The agreement for most Stark lobes is satisfactory if a zero barrier to internal rotation is assumed. A comparison between the calculated and observed Stark effect is presented in Table I in The results of A/ B calculated for various values of the barrier are plotted in Fig. 2 . From the experimental value of A/B of -4.57 the barrier to internal rotation in CF a N0 2 is found to be 780 kMc/sec or 74.4±5 caljmole.
For barriers above 80 caljmole the near degeneracy becomes closer until the Stark effect becomes first order. At still higher barriers the Stark effect again becomes second order, but the value of A/B is less than that for the case of a free rotor and A/ B approaches the free rotor value at barrier heights greater than 150 cal/mole.
The barrier obtained by choosing that value which gives the best agreement with experiment is 74.4±5 caljmole. The calculated Stark effect of this line without a barrier (dotted line) and with a barrier of 74.4 caljmole (solid line), is compared with the experimental points in Fig. 3 . The dipole moment calculated with this value of the barrier is 1.44±0.03 D. -"Not assigned" means that no choice could be made among several transitions observed close to the calculated frequency. b This may be {3=1, 9-+6 or (3=2, 1ll-+10 line, or both. Due to the sensitive behavior of the Stark effect as related to the near degeneracy of energy levels, it was important to investigate the validity of two previous assumptions: (1) the fact that the spectrum is insensitive to the value of A (CFa) , and (2) the inertial defect is zero. For a change in the value of A (CFa) of 4%, the value of A/B changes by slightly less than 1%.
An inertial defect was introduced by increasing the value of A (N02) by 40 Me/sec, a value not unreasonable as compared to the value selected for CHaN02. This changed the value of A/B by 0.6%. From these calculations, it is felt that neither assumption places restrictions on the behavior of the Stark effect calculated.
Assuming a value of 74.4 caljmole for the barrier, the complete spectrum can be calculated and a new comparison made. The calculated vs observed spectrum is presented in Table II for the four lowest J transitions observed. The calculated lines in this table include all of those which are strong enough to be seen and which are far enough from the center pile-ups to be resolved. The agreement is not perfect, though there appears to be good correspondence for some 20 lines. The fact that some lines are not assigned does not Several refinements might now be added to our calculations. For example, small correction terms could be added to the Hamiltonian to account for centrifugal distortion, and for a 12-fold barrier. The effect of an inertial defect could be considered by varying the A (N02) rotational constant independently of B-C.
These refinements were made in the cases of nitromethane and methyl boron difluoride and yet small discrepancies remained. For triftuoronitromethane it was felt that these refinements would be of dubious value and the results would not justify the enormous amount of computer time required.
It is also possible to determine the barrier by assuming a value of the 0-0 distance in the N0 2 group; this determines A (N0 2 ) and B-C. The barrier may then be determined from Fig. 1 . Doing this, the barrier is found to be 66±4 caI/mole assuming the 0-0 distance of 2.21±0.01 A as determined for triftuoronitromethane by electron diffraction,3 and 76.6 caI/mole if the value of the 0-0 distance is taken to be 2.18 A as found in microwave studies on nitromethane. 1 These alternate values are considered to be in good agreement but less reliable than the value of 74.4±5 caI/mole as determined from the Stark effect.
Taking the height of the barrier as being 74.4 caI/mole, A (N0 2 ) is then found to be 13205 Mc/sec. From this the 0-0 distance is found to be 2.186 A (corresponding to an ONO angle of 127° if the NO distance is taken to be 1.22 A),1° The moments of inertia I B and I c, as determined from the rotational constants Band C, are I B= 188.20 and lc=226.48 amu·A2. These are not sufficient to determine the structure of triftuoronitromethane. They do, however, permit precise tests of any other structures proposed. As such they are inconsistent with the structure proposed in Ref. 3 . Using the C-F distance of 1.325 A and FCN angle of 109°, as determined from electron diffraction,3 and the NO distance 1.22 A and ONO angle of 127° as above, the CN distance may be determined from lB. This is found to be 1.490 A, in contrast to the long CN distance of 1.56 A as proposed in Ref. 3. 
